Introduction
Large areas of the United States are underlain by evaporite deposits that mainly consist of gypsum, anhydrite, and salt ( Figure 1 ). Holocene dissolution has created abundant karstic features at the surface and near-surface in many areas. Dissolution has also occurred during intervals in the geologic past, thereby creating many intervals of paleokarst throughout Paleozoic-lower Mesozoic-age strata in the Rocky Mountains and adjacent mid-western United States.
predominantly of red, planar-bedded and laminated shale, siltstone, and very fine-grained sandstone, with interbedded gypsum abundant at varying horizons ( Figure  5 ). Bedding is generally sheet-like, although lenticular beds and ripple laminations are not uncommon. Salt casts have been reported (Sabel, 1984) . These sedimentary features indicate that the Spearfish was deposited in a hot and arid climate on low-gradient coastal plains and nearshore hypersaline mudflats bordering evaporite basins.
Sinkholes are abundant in the northern Black Hills. They range in size from small shallow pits and solutionallywidened joints (Figure 6 ) of as little as several feet to as much as much as 140 m (460 ft) across (Figure 7 ). The Vore Buffalo Jump shown in Figure 7 is rimmed by several convoluted, disjoined, and disrupted gypsum beds 2.5-3.0 m (10 ft) thick. No gypsum is seen at the bottom of the sinkhole, which is probably less than 15 m (50 ft) above the underlying Minnekahta Limestone. The Minnekahta crops out along the service road about one mile to the west where a 1.2 m (4 ft) thick bed of gypsum lies at the base of the Spearfish (Figure 8 ).
The largest sinkhole in the northern Black Hills is about 140 m (460 ft) across, occurs at the base of the surrounded by shallow-marine to nearshore terrestrial sedimentary rocks of Paleozoic and Mesozoic age which dip away from the center of the dome (Figure 3 ). Gypsum and anhydrite are found in rocks ranging in age from Mississippian to Jurassic (Figure 4 ). The "Limestone Plateau" located outbound from the central Black Hills core, comprises rocks of the Madison Limestone (Pahasapa Limestone of other reports) and the Pennsylvania age Minnelusa Formation. Most surface exposures of the Minnelusa contain abundant karst features resulting from dissolution of anhydrite at depth. The Madison contains brecciated rocks resulting partly from similar gypsum dissolution, as well as world-class limestone caves. The "Red Valley" encircles the Black Hills resulting from the erosion of siltstones, shales, and gypsum in the Spearfish Formation. Resistant sandstone of Cretaceous age forms the hogback that encircles the Black Hills and defines its outer physiographic perimeter. Below those sandstones is a thin gypsum bed in the Gypsum Spring Formation of Jurassic age. Much of the information about the karst in the Black Hills presented here is summarized from Epstein (2003) and Epstein and others (2005) .
The Spearfish Formation in the Black Hills ranges to slightly more than 240 m (800 ft) in thickness, consisting Figure 1 . Map Epstein and Johnson, 2003) .
Spearfish Formation (Figure 8 ). It is underlain by a 1.2 m (4 ft) thick bed of gypsum which in turn overlies the Minnekahta Limestone; both dip gently underneath the sinkhole. The limestone outcrop closest to the sinkhole contains a small collapse opening in a blind valley. A smaller sinkhole (inset of Figure 8 ) opened in 1985, and was observed by local ranchers who heard running water in a cavern that extended horizontally beyond the limits of their flashlight beam (Ted Vore, oral communication, 1999) . This running water at the base of the Spearfish is deemed to be partly responsible for dissolution and collapse. However, the four-foot-thick gypsum bed in the basal Spearfish seems to be too thin to account for all the observed depth of the collapse. . Anhydrite, which probably was the original form of calcium sulfate to be deposited in the Spearfish, undergoes about a 40 percent expansion when hydrated to form gypsum. As a result, the gypsum is commonly highly folded ( Figure  9A , B). It also becomes mobile, being injected into irregular fractures as thin veinlets, generally less than 2 cm (1 in) wide in the confining beds above and below ( Figure 9C ). Thus, the lower 60 m (200 ft) or so of the Spearfish has developed a secondary fracture porosity resulting in appreciable ground water flow into water entirely the result of dissolution of the local gypsum, but additionally due to removal of evaporites at greater depth.
The top of the Minnelusa Formation lies about 45 m (150 ft) below the base of the Spearfish Formation. It is about 150 m (500 ft) thick in the northern Black Hills and consists of dolomite, sandstone, and shale with anhydrite being prevalent in the middle part. The anhydrite is mostly absent in outcrops due to removal by solution in the subsurface. The solution of anhydrite and consequent formation of voids in the Minnelusa at depth resulted in foundering and fragmentation of overlying rocks, thereby producing extensive disruption of bedding, a regional collapse breccia, many sinkholes, and breccia pipes and pinnacles ( Figure 11 ). The collapse breccia consists of angular clasts of all the local rock types in a sandy matrix that is generally cemented with calcium carbonate. The vuggy secondary porosity of the collapse breccia, along with the porous sandstone makes the upper half of the Minnelusa an important aquifer in the Black Hills.
Proof that collapse subsidence extended upward from the Minnelusa into the Spearfish is afforded by collapse observed within the thin intervening Minnekahta Limestone as seen near the sinkholes in Figures 7 and 8 . Along Redwater Creek the Minnekahta is exposed in a 600 m (2000 ft) low cliff where numerous sinkholes are present and the unit is extensively brecciated, and the underlying Opeche Shale is also disrupted (Figure 12 ). This observation suggests that collapse structures in the Minnelusa extend upward through the Opeche and Minnekahta into the Spearfish. some gypsum interbedded with the red beds. However, the bottom of the sinkhole is near or at the base of the formation, suggesting that the solution collapse is not Figure. 9 the Minnelusa, as well as in the underlying Madison Limestone, has caused collapse features in the Minnelusa, commonly seen on canyon walls. Breccia pipes and some sinkholes have extended upwards into rock at least 120 m (400 ft) above the Spearfish. Local extensive disruption in the Minnekahta precedes groundwater flow along the gypsum in the basal Spearfish, creating the sinkholes in that formation. Karst development evolved continuously after the Black Hills was uplifted and exposed to erosion since the Late Cretaceous/Early Tertiary. Artesian groundwater conditions result from direct infiltration of rainfall and snow melt at high altitudes of the central Black Hills which flow outward and downdip through the rimming sediments, including the Madison and Minnelusa. Dissolution and removal of the anhydrite in the Minnelusa, progresses in a downdip direction While breccia pipes and sinkholes may extend upward from the Minnelusa Formation into overlying formations, the evidence also suggests that sinkholes in the Spearfish may not necessarily be directly connected to pipes in the underlying Minnelusa. Abundance of sinkholes in the lower Spearfish suggests that there lurks a labyrinth of cavernous passageways developed as gypsum dissolved at the base of the formation while collapse extended upwards into the underlying Minnekahta Limestone. 
Paleokarst in the Madison Group
The Charles Formation, which forms the upper part of the largely limestone and dolomite succession of the Madison Group, contains a remarkable intrastratal paleokarst. This stratigraphic interval is particularly well-exposed within the canyon of the Bighorn River in eastern Wyoming (Figure 15 ). It has an areal distribution extending across the Williston Basin in North Dakota and far to the southwest into the Bighorn Basin of Wyoming and Montana ( Figure  16 ; Peterson, 1987; Sando, 1995) . In the Black Hills, this paleokarst horizon is exposed within numerous cave systems such as Wind Cave and Jewel Cave. This extensive intrastratal paleokarst horizon contains abundant evaporite strata-mainly anhydrite and gypsum. Geologic studies of this interval show that it formed from groundwater migration and solution of evaporite minerals in an artesianflow system not unlike what has been documented to occur today in the western Black Hills. Collapse brecciation of cavernous solution voids has since been filled with finegrained silt and clay that is cemented with late calcite cement (Palmer and Palmer, 2008) . Characteristics of this paleokarst horizon are similar to those described above for the Minnelusa Formation in the Black Hills.
with groundwater flow resulting in collapse breccias, breccias pipes, and resurgent springs that are developed at the site of ( Figure 14) .
As the Black Hills region is slowly lowered by erosion of the anhydrite-dissolution front in the subsurface, the Minnelusa moves downdip and radially away from the center of the uplift. As a result, resurgent springs will dry up and new ones will form with the downdip migration of the dissolution front as the geomorphology of the Black Hills evolves (Figure 14) . Abandoned sinkholes on canyon walls (Figure 11 ) attest to the former position of the dissolution front. Groundwater has dissolved the anhydrite in the Minnelusa, but it is present in the subsurface, therefore a transition zone must be present where dissolution of anhydrite is currently taking place. Consequences of this model suggest that present resurgent springs will eventually cease to flow while new springs should develop in a downdip direction within the regional hydraulic gradient of the Black Hills. Solution of anhydrite in the Minnelusa probably began soon after the Black Hills was uplifted in the Early Tertiary, and it continues today.
Figure 12. Collapse sinkhole (between dashed line) in a zone of brecciated Minnekahta Limestone, along
Redwater Creek, 1.6 km (1 mi) southeast of the sinkholes seen in Figure 7 . Inset shows details of the breccia. Figure 3) . 
Figure 13. Generalized cross section showing common karst features in the Beulah area, Wyoming. Features include sinkholes, cavernous gypsum in the basal Spearfish Formation, outcropping sinkholes in the Minnekahta Limestone, breccia pipes and dissolution zone at the top of the Minnelusa Formation, and artesian flow direction from the Minnelusa Formation and the Madison (Pahasapa) Limestone. Where the potentiometric surface is below ground level, sinkholes are dry; where it is above ground level, sinkholes contain emergent springs.

Figure 14. Generalized cross section showing the downdip migration of the anhydrite dissolution-front in the Minnelusa formation. Cox Lake and other resurgent springs are near the position of the dissolution front. As the front moves downdip with continued solution of the anhydrite, and as the Black Hills is slowly lowered by erosion, these sinkholes and related collapse structures are left abandoned on canyon walls (see
Exposure is within the Bighorn Canyon in eastern Wyoming. The outlined reddish layer contains abundant brecciated clasts of dolomite with vugs of anhydrite and gypsum. The red matrix is fine silt and clay cemented with late calcite. Layer thickness varies between 3 to 6 m (10 to 20 ft).
The modern regional flow path of formation waters is generally towards the east and northeast, emanating from the recharge areas in the Bighorn and Big Snowy Mountains and the Central Montana uplifts and Black Hills: a somewhat similar pattern to that shown in Figure 14 (Bachu and Hitchon, 1996, Figure 10 ).
The presence of this paleokarst horizon in the Madison
Group suggests that the processes forming surficial karst today due to evaporite solution at depth have occurred multiple times in the geologic past within these evaporitebearing rocks. Exposures of such ancient solutioncollapse features can provide insight for understanding possible geologic structures and characteristics within deeply buried evaporite horizons that are experiencing solution in the Williston Basin.
Salt dissolution in the Williston Basin
The Williston Basin is a large intracratonic structural downwarp in North Dakota and eastern Montana, extending into Canada, and lying immediately north of the Black Hills of Wyoming and South Dakota ( Figure  1) . Deposition was intermittently continuous since the Middle Cambrian, with a total accumulation of about 4,900 m (16,000 ft) of sediment (Gerhard et al., 1990) . Sedimentation rate kept pace with basin subsidence rate, so deposition mainly occurred in shallow water and in recurring evaporite basins. Transgressive and regressive cycles are numerous; pinchouts and disconformities are abundant (Peterson and MacCary, 1987, Figure  5 ). More than a dozen periods of evaporite deposition characterize the stratigraphic section (Figure 17 ). LeFever and LeFever (1995) recognized 24 major and minor salt beds within the basin. In contrast to the rocks in the Black Hills, halite and potash salts are common. The transition from salt in North Dakota to anhydrite, gypsum, and minor interbedded dolomite in many Black Hills formations marks the boundary between North Dakota evaporite basins to a shelf/sabkha environment in South Dakota and Wyoming. Peterson (1995) presented a stratigraphic chart showing the occurrence of 12 hydrocarbon source beds and 15 reservoir rocks in the Williston Basin.
In the Williston Basin evaporites are commonly interbedded with petroleum source rocks. These evaporites may form seals and traps, or their karstic effects may disrupt stratigraphic continuity and disrupt the integrity of a reservoir. Subsurface dissolution features similar to those in the Black Hills has been documented in the Williston and nearby Powder River Basins. Bachu and Hitchon (1996, p. 253 ) noted the high salinity of formation waters, due partly to dissolution by fresh water in many of the Paleozoic aquifers. Figure 16 ). Modified from Fahrenbach and others, 2010 . See also: figure 1 in LeFever (2012) ; figure 2 in Burrus and others (1996) ; and figure 4 in Peterson (1988) .
was also intermittent, generally with long periods of no perceptible dissolution (Parker, 1967; Holter, 1969; LeFever and LeFever, 1995) . Holter (1969) identified solution-collapse breccias in cores in the Prairie Formation in Saskatchewan by the very poor sorting of angular rock fragments. The material in the lower part of the brecciated units are fine grained, apparently a residue from salt solution. Breccia deposits extend laterally beyond the present limits of salt, suggesting a migrating salt front as dissolution progresses in the direction of fluid flow. Dissolution of evaporites (salt) in the Williston Basin requires a hydrostatic head that allows ground water to dissolve and carry the salt in solution upwards, as well as tectonically induced fractures to tap fresh-water aquifers below the salt (Parker, 1967) . Breccia pipes (dissolutioncollapse structures (filled stopes and chimneys)) may have formed along the edges of salt-dissolution fronts, extending vertically upward from several salt horizons and terminating at various unconformity horizons (Burke, 2001) . If breccia pipes can be identified in the Williston Basin, they could be the locus for upwardflowing water as well as hydrocarbons. They may also affect the porosity of surrounding rocks by either creating solution voids or depositing cements. Breccia pipes in the Minnelusa of the Black Hills have high permeability and have been described as pathways for uranium-rich fluids (Gott and others, 1974) . Breccia pipes in the Black Hills are also known to extend more than 300 m (1,000 ft) upwards from their source beds in the Minnelusa, suggesting considerable vertical interconnection in the sedimentary succession.
Subsurface solution collapse can affect important rock characteristics for petroleum development, such as fracturing, porosity, and permeability. Several studies have linked the dissolution of the thick Silurian to Jurassic age salt deposits in the Williston Basin to petroleum reservoir development. Salt and evaporite dissolution can also form stratigraphic and unconformity traps (LeFever, 2011 (LeFever, , 2012 and salt collapse, halite plugging, incomplete anhydrite or residue seals, and dolomitization have affected or destroyed potential reservoirs (LeFever and LeFever, 1995) .
The age of salt dissolution may be determined by the age of overlying sedimentary deposits that have been thickened due to in-filling of downwarps due to salt Salt thickness throughout the Williston Basin locally can be quite variable in thickness, apparently related to uneven dissolution due to several factors. Salt dissolution can be recognized by comparing thinning of salt in isopach maps in relation to overlying thicker compensating sediments that filled in the resulting hollow. The irregular thickness of the Dunham Salt in the Jurassic age Piper Formation occurs in isolated lenses due to dissolution (LeFever and LeFever, 1995) . They also noted significant thicknesses of salt in the subsurface Spearfish Formation in the southwest corner of North Dakota. No salt is exposed at the surface in the Black Hills, although salt is known in springs along Salt Creek about 14 KM (8.5 mi) north of Newcastle, Wyoming, along US 85. At this location a roadside sign indicates that Darton, in 1904, determined that salt comprised 5 percent of the water there; about four percent salt was reported by Brobst and Epstein (1963) . During the late 1800's significant quantities of salt were produced by evaporation. Whether that salt comes from the Minnelusa or the Spearfish is not known, but it does show that evaporite dissolution in the subsurface is ongoing.
The thickness of the Spearfish Formation in the northern Black Hills, close to the North Dakota border, varies from 190 to 268 m (625 to 879 ft) in water wells within the borders of two 7.5-minute quadrangles (Epstein, J.B., unpub data) . This suggests that the gypsum, and possibly unrecognized salt, has been removed to create the discrepancy. Parker (1967) noted similar salt-thickness variations within short distances in several different units, such as the Middle Devonian Prairie Formation and Permian and Triassic age rocks of the Minnelusa Formation, Opeche Shale, and Goose Egg Formation (~Spearfish).
Several authors have recognized a slow-moving dissolution front that reduced the original depositional boundary of an individual salt deposit, such as in the Jurassic age Piper Formation (LeFever and LeFever (1995) . Seismic data was used by Hamid and others (2004) to delimit the southern margin of evaporite in the Middle Devonian Prairie Formation, which is very complex due to dissolution removal of salt and brecciation.
A correlation exists between of areas of salt dissolution and the presence of faults and fractures that extend down into the Precambrian basement, and that were reactivated in the Paleozoic. These faults allowed fluid to move up into the salt bed from aquifers below. Salt removal will dry up and new ones will form as the geomorphology of the Black Hills evolves. Abandoned sinkholes and breccia pipes that are preserved in cross section on canyon walls attest to the former position of the dissolution front. The Spearfish Formation, mostly comprising red shale and siltstone, has developed secondary fracture porosity due to considerable expansion during the hydration of anhydrite to gypsum. Many of the evaporite-karst features that are readily visible in the Black Hills have also been reported or suggested in the subsurface Williston Basin, including collapse breccias, breccia pipes, sinkholes (solution depressions), and progressive salt-margin retreat along a dissolution front. Petroleum geologists contemplating the effects of salt karst in the oil patch in North Dakota would do well to examine the excellent karst exposures in the Black Hills of South Dakota and Wyoming. As an additional thought, a better understanding of the distribution of karst-controlled surface-collapse features in the Black Hills would be helpful in planning interstate pipeline routes from the expanding oil fields in North Dakota. removal and collapse. Using this criteria Parker (1967) described the age of salt dissolution in different units in the subsurface of Wyoming, North Dakota, and Montana: Late Devonian through Mississippian for the Middle Devonian age Prairie Formation, and a Jurassic age for the Minnelusa Formation, Opeche Shale, and Goose Egg Formation. Rasmussen and Bean (1984) concluded that the salt in the Ervey Member of the Goose Egg Formation in the Powder River and Williston Basins was removed by dissolution in Middle-Late Jurassic and Early Cretaceous time. Fractures extending from the basement controlled movement of groundwater and solution. Orchard (1987) showed that salts in the Mississippian age Charles Formation pinches out abruptly and are mostly missing over the Poplar Dome in the western part of the Williston Basin of Montana, while non-salt beds are continuous and exhibit little change in thickness. He attributed this to removal of the uplifted salt by ascending water along fractures that developed during Tertiary Laramide uplift. LeFever and LeFever (1995) concluded that the irregularities in thickness of the Pine Salt in the Spearfish Formation in the southwestern half of the basin were caused by dissolution during the Late Jurassic-Early Cretaceous and may have been similarly affected during the Late Cenozoic. LeFever (2011) also noted numerous times of salt removal in the Devonian Prairie Formation, including Middle and Late Devonian, Mississippian through Jurassic, pre-Cretaceous, and even Late Pleistocene to Recent.
Conclusions
Dissolution of gypsum and anhydrite in several stratigraphic units in the Black Hills, South Dakota and Wyoming, has resulted in development of a variety of both modern and paleo-karst features, including regional collapse breccias, breccia pipes and pinnacles, sinkholes, and extensive disruption of bedding. Evidence of recent collapse includes fresh scarps surrounding shallow depressions, recently formed sinkholes, and sediment disruption and contamination in water wells and springs. Anhydrite dissolution in the Minnelusa Formation probably dates back to the Early Tertiary when the Black Hills uplift commenced, and it continues today as an anhydrite dissolution-front in the subsurface Minnelusa moves downdip and radially away from the center of the Black Hills uplift. Over time, sinkholes and artesian springs associated with the migrating dissolution front
